A monoclonal antibody (MAb) that reacted with the cellsurface antigens of adrenocortical cells was generated against cell suspensions from guinea pig adrenal glands. Cell-surfam membranes of the adrenocortical cells in all zones, i.e., zona glomerulosa, ZOM fasciculata, and ZOM reticularis, were labeled with the antibody. Adrenal medulla remained unlabeled. Immunoelectron microscopy showed that entire plasma membranes, i.e., plasma membranes between adjacent cells and free cell-surface membranes, including sinusoidal microvilli, were immunoreactive to the antibody. Immunoblot analysis demonstrated that the antibody bound to two prominent bands at molecular weights of approximately 62,000 and 110,000. Two bands were stained with lectin-digoxigenin conjugates. The 110 KD band reacted with Datura svamoniUm @SA) and Maackia amurensis (MAA) agglutinins, indicating the presence of N-acetyl-
Introduction
The plasma membrane may determine several essential properties of cells. Unique molecules located on the cell surface membrane are involved in receptor function and transduction of signals and information processing for the synthesis and secretion of secretory products and related intercellular communication factors. Many monoclonal antibodies (MAb) that recognize cell-surface antigens have been produced, using various types of cells as immunogens, and represent powerful probes for investigating the biochemical nature and function of specialized cells (Schiechl and Dohr, 1987; Krixh et al., 1986; Hubbard et al., 1985; Jalkanen et al., 1985; Mackay et al., 1985) . However, very little information is available about the cell-surface antigens of adrenal glands. In mammalian species, the adrenal gland consists of two endocrine tissues having different origins and functions. Mesodermally derived steroid hormone-producing cells form the cortex and neuroectodermally derived catecholamine-secreting cells form the medulla of the gland. Adrenomedullary cells have been immunostained specifically by the use of several antisera, whereas there are few specific markers for adrenocortical cells. This study reports the production and char-' To whom correspondence should be addressed.
glucosamine and sialic acid-linked a (2-3) to galactose; the 62 w band reacted with SNA, indicating the presence of sialic acid-linked a (2-6) to galactose. In adrenoaxtical cells, the reaction pattem of Sambucus mgra (SNA) agglutinin was similar to that of the (MAb), whereas reaction patterns of DSA and MA4 were different. Both neuraminidase digestion and prior absorption of the antibody with N-acetylneuraminic acid completely prevented the immunolabeling of adrenocortical cells. These results indicate that the MAb mainly recognizes the 2-6 sialylated cell-surface antigen of adrenocortical cells. (JHistochem C y t d e m 41:235-243, acterization of an MAb that defines two novel cell-surface antigens of adrenocortical cells from guinea pigs. Light and electron microscopic immunohistochemistry were applied to provide information conceming the localization of these cell-surface antigens. Furthermore, to determine carbohydrate residues of the cell-surface antigens, lectin-digoxigenin conjugates, in conjunction with antidigoxigenin antiserum, were used on protein blots after polyacrylamide gel electrophoresis and on tissue sections.
Materials and Methods
Immunogen Preparation. Adrenal glands from guinea pigs aged 2-4 months were minced with a scalpel and dissociated with 0.025% collagenase (Sigma, Type I; St Louis, MO) in Dulbecco's modified Eagle's medium (DMEM). Dissociated cells were filtered through 18O-Bm screens, pelleted by centrifugation, and re-suspended in PBS.
Production of Monoclonal Antibodies. Balblc mice were immunized IP with adrenal cell suspension three times over a 2-month period. Three to 4 days after the find injection, spleen cells from immunized mice were fused with P3-X63-Ag8-U1 myeloma cells to produce hybridomas by the method described previously (Kameda, 1992) . Culture supernatants were screened for specific antibody production by an immunohistochemical method (see below). Hybridomas producing antibodies were cloned twice by the limiting dilution technique. The monoclonal antibody ascites was raised in mice as described previously (Kameda, 1992) .
KAMEDA, HIROTA Figure 1 . Adrenal gland of a guinea pig (3 months old), fixed in Bouin's sohtion and stained by the avidin-biotin-peroxidase method with MAb AMG. Plasma membranes of adrenocortical cells in all zones are immunoreactive, whereas adrenal medulla (M) is negative. ZG, zona glomerulosa; ZFE. zone fasciculata externa; ZFI, zona fasciculata interna; ZR. zona reticularis. Original magnification x 125. Bar = 70 pm. Determination of Antibody Classes and Subdasses. The isotypes of the antibodies were determined by use of a kit for isotyping monoclonal antibodies by enzyme immunoassay (mouse monoclonal antibodies ID EIA kit; Zymed Laboratories, So. San Francisco, CA).
Sample Preparation. Guinea pig adrenal glands were finely sliced and homogenized in a Dounce homogenizer with PBS (SO mM phosphate and 0.15 M NaCI), pH 7.6, containing 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), and 1% Triton X-100. Insoluble material was pelleted by centrifugation at 10,000 x g for 30 min and removed.
Tissues and Tissue Fixation. For immunohistochemistry. adrenal glands from guinea pigs, dogs, rats, mice, hamsters, rabbits, cats, and monkeys of either sex and different ages, usually young adults, were used. Various tissues including pituitary gland, pineal gland, pancreas, thyroid gland, parathyroid gland, carotid body, intestine, stomach, salivary glands, testis, prostate, kidney, liver, muscle, and brain were taken from guinea pigs. Specimens were fixed in Bouin's solution for 24-48 hr, embedded in paraffin, and then cut into 5-pm thick sections. In addition, adrenal glands from guinea pigs were processed for cryostat sections. Individual animals were anesthetized with sodium pentobarbital and perfused through the heart with 0.9% NaCl in 0.1 M phosphate buffer (PB), pH 7.4, followed by 4% paraformaldehyde in PB. Tissues were removed and post-fixed in the same fixative for 4-18 hr at 4"C, rinsed in PB containing 10% sucrose for 2-4 hr, and then immersed overnight at 4'C in PB containing 25% sucrose. Cryostat sections were cut at 10 pm for light microscopy and at 20 pm for electron microscopy. Selected sections were stained with hematoxylin-eosin for orientation.
Immunohistochemistry. For immunohistochemical labeling, the avidin-biotin-peroxidase method was used. Before incubation of primary antibodies, deparaffhized slides were placed in methanolic hydrogen permide solution (1 part 3% H202 to 5 parts methanol, v/v) for 30 min at room temperature to exhaust endogenous peroxidase activity. Sections were incubated with the MAb at different dilutions for 18 hr at 4'C, then rinsed with PBS, pH 7.3, and incubated for 30 min with biotinylated anti-mouse Ig (Amersham; Poole, UK) diluted 1:200, which reacts with IgG and IgM classes. After a rinse in PBS, streptavidin-horseradish peroxidase conjugate (Amersham) diluted 1:300 was applied for 60 min. Visualization of binding sites was accomplished with 3,3'-diaminobenzidine tetrahydrochloride in 0.05 M %is, pH 7.6, plus 0.01% H202. Control sections were incubated with normal (non-immune) mouse Ig and IgM and with other MAb raised against cells of guinea pig hypophysial pars tuberalis. No staining of adrenocortical cells was seen with these controls.
To assess the presence of sialic acid residues in antigens, digestion with neuraminidase (Seikagaku Kogyo; Tokyo, Japan) was carried out by immersing sections with enzyme buffer solution (0.25 U/ml of neuraminidase in 0.25 M acetate buffer, pH 6.5) for 6 hr at 37'C according to the instructions provided by the manufacturer. Furthermore, the MAb was absorbed with N-acetylneuraminic acid (100 pg/ml culture supernatants).
For immunoelecuon microscopy, sections were post-fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.4, for 1 hr after the completion of the avidin-biotin-peroxidase staining and embedded in Epon according to the conventional procedure. Ultra-thin sections were examined with brief staining by uranyl acetate or omitting the contrasting procedure.
Polyacrylamide Gel Electrophoresis (PAGE) and Immunoblot AnalySi. PAGE was carried out using 4-30% polyacrylamide gradient gels in Tris-Na2EDTA-boric acid buffer, pH 8.4, containing 0.2% SDS at 150 V constant voltage for 2.5 hr. Samples were treated with or without boiling in the presence or absence of 2-mercaptoethanol (i.e.% reducing or nonreducing condition) before electrophoresis. Some gels were stained with Coomassie blue. Proteins separated by SDS-PAGE were electrophoretically transferred onto nitrocellulose membranes for 12 hr at 200 mA. To block nonspecific binding, blot strips were incubated in 5 % skim milk in PBS containing 0.5% Tween-20. After washing in PBS containing 0.1% Tween-20, the antigen-antibody reaction was visualized with the avidin-biotin-peroxidase method. Ascites fluid was applied in a dilution of 1:100, overnight at 4'C. To m i n e whether the antigens contain sialic acid residues, before electrophoresis the samples were incubated for 2 hr at 37'C in the presence or absence of 2 Ulml of neuraminidase according to the protocol of the manufacturer.
Staining with Lectin-Digoxigenin Conjugates. Samples were transferred onto nitrocellulose membranes after gel electrophoretic separation. Blot filters were stained by the glycan differentiation kit (Boehringer; Mannheim, Germany) according to the manufacturer's instructions. Briefly, after incubation in blocking solution, filters were immersed in digoxigeninlabeled lectins for 1 hr, then rinsed with liis-buffered saline (TBS), pH 7.5, and incubated for 1 hr with anti-&goorigenin F(ab) hgments conjugated with alkaline phosphatase. After a rinse in TBS, the reaction was made visible by a solution containing 4-nitroblue tetrazolium chloride and >-bromo-4-chloro-3-indolyl-phosphate dissolved in dimethylformamide. This staining procedure was also applied to tissue sections for light microscopic detection of glycoconjugates as described by Sata et al. (1990) . The lectins induded in the kit were: Guhntbrcr n i v d . agglutinin (GNA), Sambvcus nigra agglutinin (SNA), MrxllcRia amwensir agglutinin (MAA), peanut agglutinin (PNA), and Datura stramonium agglutinin (DSA). Control reactions included the omission of digoxigenin-labeled lectins and absorption of the digoxigenin-labeled lectins with the appropriate inhibitory sugar at concentrations ranging from 1-100 mM. GNA was absorbed with mannose or methyl-a-mannopyranoside, SNA with a2-6 sialyllactose, MAA with a2-3 sialyllactose, DSA with N-acetyllactosamine, and PNA with D-dactose.
Results
Three different types of monoclonal antibodies were obtained after immunization of adrenal cell suspension from guinea pigs; (a) those reacting with cell-surface membrane of adrenocortical cells; (b) those reacting with sinusoidal endothelium; and (c) those reacting with cytoplasm of adrenocortical cells. The antibodies reactive to the cell-surface membrane alone were useful for immunochemical analyses and identification of the antigen. In the present study, the MAb AMG was chosen for immunohistochemical and immunochemical analyses because of its highly sensitive reactivity with the surface membrane of adrenocortical cells. The antibody was of the IgM type and the light-chain K class.
MAb AMG labeled the surface membrane of adrenocortical cells in all zones, i.e., zona glomerulosa, zona fasciculata, and zona reticularis by the avidin-biotin-peroxidase method (Figure 1 ). Medullary cells remained unlabeled. In Bouin's-fixed sections, intense reactions were also observed in the perinuclear region of the adrenocortical cells, corresponding to the Golgi regions (Figure 2 ). The perinuclear regions of almost all cells in the zona fasciculata interna were intensely stained with the antibody. Those of some zona reticularis and zona glometulosa cells also showed immunoreactivity. However, there were few reaction products in the cytoplasm of the zona fasciculata externa cells. In paraformaldehyde-fued and cryostat sections, the intracellular labeling was detected only occasionally, although immunoreactivity of the cell-surface membrane was intense (Figure 3 ).
Ultrasmcturul Locaiization of Antigens
In accordance with the immunolight microscopic results, electron microscopic examination revealed that labeling of MAb AMG was distributed all along the surface membrane of adrenocortical cells (Figure 4) . The plasma membranes of sinusoidal microvilli that extended into the subendothelial cell space were also immunoreactive for the antibody (Figure 5 ), although the labeling intensity was lower than that at the lateral plasma membrane. The plasma membranes of adjacent cells were closely apposed in some regions. The adjacent membranes in these regions showed intense immunoreactivity ( Figure 5 ). Intracellular labeling was observed in aggregations of small vesicles near the nucleus, regarded as Golgi vesicles ( Figure 5 ). but it was absent from bona fide stacks of Golgi.
Crossreactivity of the Antibody with Other Animals and Tissues
Adrenal glands from a wide variety of mammalian species, including rats, mice, hamsters, rabbits, dogs, cats, and monkeys failed to react with MAb AMG. Thus, the antibody labeled only the guinea pig tissue. On the other hand, in addition to the adrenal glands the MAb reacted with membrane structures of liver bile canaliculi, pancreatic centroacinar cells, and testicular Leydig cells from guinea pigs (Kameda, manuscript in preparation) . No specific labeling was seen in a variety of other tissues, including pituitary gland, 
Immunochemical Characterization of the Antigen
Proteins contained in guinea pig adrenal gland homogenates extracted with PBS-Triton X-100 were separated under reducing conditions on SDS-4-30% polyacrylamide gradient gels and stained with Coomassie blue ( Figure 6A ); multiple bands with various molecular weights were visible. They were then transferred onto nitrocellulose membranes and incubated with MAb AMG. The immunoblot analysis showed that two distinct bands at molecular weights ( M W ) of about 62,000 and 110,000 were labeled with the antibody ( Figure 6B ). The 62 KD antigen was recognized as a distinct band on Coomassie blue-stained gels, whereas 110 KD antigen was not ( Figure 6A ). In the absence of reducing agent, both the 62 KD and the 110 KD bands did not alter their electrophoretic mobilities ( Figures 6A and 6B ).
Staining with Lectin-Digomgenin Conjugates
To determine whether the 62 KD and 110 KD antigens are indeed glycoproteins, adrenal extracts were electrophoresed on SDS-PAGE gels, transferred onto nitrocellulose, and probed with the different lectins labeled with the digoxigenin. The 110 KD band was stained with DSA and MAA ( Figures 6D and 6E Figures 6C-6E ). Bouin's-fixed, paraffin-embedded sections of guinea pig adrenal glands were also stained with the lectin-digoxigenin conjugates. The adrenal glands reacted with all lectins examined (GNA, SNA, MAA, PNA, and DSA). Reaction patterns were different from lectin to lectin. SNA labeled the surface membrane of adrenocortical cells in all zones and perinuclear regions of particularly the zona fasciculata interna cells, but failed to react with medullary cells (Figure 7) . Thus, the reaction pattern of SNA was similar to that of MAb AMG. On the other hand, reaction patterns of other lectins were different from those of the monoclonal antibody. DSA labeled cytoplasm of adrenocortical cells and medullary cells. MAA labeled sinusoidal endothe!ium and medullary cells.
Neuraminidase Digestion
To verify the possibility that MAb AMG recognizes sialic acid residues localized in the plasma membrane of adrenocortical cells, tissue sections were treated with neuraminidase before the incuba- tion with the MAb. The enzyme digestion completely prevented immunostaining of the adrenocortical cells (Figure 8 ). In addition, prior absorption of the antibody with an excess of N-acetylneuraminic acid also inhibited the labeling.
When the adrenal gland extracts were digested with neuraminidase before immunoblot analysis, immunolabeling of both the 62 KD and the 110 KD band was completely abolished (Figure 9 ).
Discussion
The present study has reported the production of a highly specific monoclonal antibody that labels the surface membrane of adrenocortical cells in all zones, i.e., zona glomerulosa, zona fasciculata, and zona reticularis, of guinea pig adrenal glands. To our knowledge this is the first report of the generation of mouse MAb against adrenocortical cell-surface antigens from guinea pigs. The adrenal medulla failed to react with the MAb. The adrenal cortex has different functions and origin from the adrenal medulla. Furthermore, adrenocortical cells are stimulated by the pituitary hormone ACTH, whereas chromaffin cells are regulated by nerve stimulation. The chromaffin cells in adrenal medulla have been immunostained specifically with the use of several antisera such as those to chromogranin A (O'Connor et al., 1983) , enkephalin (Schultzberg et al., 1978) , and catecholamine-synthesizing enzymes (Verhofstad et al., 1979) . However, to date there are few specific markers for adrenocortical cells. The present MAb AMG is useful as a specific probe for immunocytochemical staining of guinea pig adrenocortical cells.
The monoclonal antibody AMG reacted with the entire plasma membrane of adrenocortical cells, i.e., both free cell-surface membranes, including sinusoidal microvilli, and plasma membranes between adjacent cells. Lateral plasma membranes of guinea pig adrenocortical cells have been reported to show no indication of tight junctions but to have abundant gap junctions (Black et al., 1979) . The closely apposed plasma membranes between adjacent cells, regarded as gap junctions, were densely stained by the present MAb. The epithelial cells in exocrine tissues exhibit a striking polarity and have functionally and morphologically distinct surface domains, i.e., apical and basolateral membrane domains. Monoclonal antibodies to domain-specific antigens have been generated for hepatocytes (Hubbard et al., 198s) and pancreatic acinar cells (De Lisle et al., 1988) . In contrast to exocrine cells, endocrine cells have a relatively simple plasma membrane which for the most part lacks the regional specialization. It is unlikely that adrenocortical cells have domain-specific antigens. Their plasma membrane may possess common surface antigens in all domains.
In addition to cell surface membrane, MAb AMG labeled the perinuclear region of zona fasciculata interna cells in Bouin's-fixed paraffin sections. In paraformaldehyde-fixed cryostat sections, however, small portions of the perinuclear region were only occasionally labeled with the antibody. This weak labeling of the Golgi area in paraformaldehyde-fixed cryostat sections is difficult to interpret. When paraformaldehyde-fixed specimens were observed by electron microscopy, vesicular structures located in the perinuclear region were positive but stacks of Golgi complexes were devoid of immunoreactivity. Since fixation conditions in Bouin's solution do not preserve ultrastructural detail, precise location of the intracellular labeling could not be verified in the present study. It is conceivable, however, that Golgi stacks of adrenocortical cells share common antigens with the plasma membrane. Trace experiments using the lectin wheat germ agglutinin, which binds to glycoproteins containing the oligosaccharide residues sialic acid and N-acetyl- glucosamine, have reported that internalized plasma membrane components reach the trans saccules and vesicles of the Golgi complex via endocytic vesicles and spherical endosomes (Iida and Shibata, 1989; Balin and Broadwell, 1987) .
The monoclonal antibody AMG against guinea pig adrenal cell suspension reacted with guinea pig cells only and did not crossreact with any other species tested. To investigate whether the epitope(s) of antigens reacting with MAb AMG are species (guinea pig)-specific or whether these sialoglycoproteins are observed in other species as well, it is necessary to produce a polyclonal antiserum against guinea pig 110 KD and 62 KD antigens. In addition to adrenocortical cells, the MAb labeled membrane structures of testicular Leydig cells, liver bile canaliculi, and pancreatic centroacinar cells (Kameda, manuscript in preparation) . The plasma membranes of adrenocortical cells seem to share some biochemical and molecular properties with liver bile canaliculi, pancreatic centroacinar cells, and testicular Leydig cells. Other tissues, including pituitary, thyroid, parathyroid, pineal, carotid body, kidney, brain, intestine, stomach, and salivary glands, did not express the cellsurface antigens detected by MAb AMG.
The zones of the guinea pig adrenal glands, especially the deeper cortical regions, have been variably defined. The cells in the transition between the outer zona fasciculata and the zona reticularis have been reported to exhibit features that are intermediate be- tween both regions; they contain prominent lipid droplets, characteristic of the outer zona fasciculata, and abundant smoothsurfaced endoplasmic reticulum, characteristic of the zona reticularis (Black et al., 1979) . We have designated the cells between the outer zona fasciculata and the zona reticularis as the zona fasciculata interna, as did Black et al. (1979) . In Bouin's-fixed sections, Golgi regions of the zona fasciculata interna cells were intensely immunoreactive to the MAb. Therefore, the zona fasciculata interna cells were clearly distinguished from the zona fasciculata externa cells, in which only very few Golgi regions were immunoreactive. It has been reported that the inner and outer zones of the guinea pig adrenal cortex have different functions; pregnenolone and its binding protein are concentrated in the inner zone, zona fasciculata interna, and zona reticularis, whereas cortisol is concentrated in the outer zone, zona glomerulosa, and zona fasciculata externa (Strott et al., 1981) .
Immunoblot analysis showed that two bands at molecular weights of approximately 62,000 and 110,000 were labeled with MAb AMG. Two antigens seem to be glycosylated proteins, since they were stained with digoxigenin-labeled lectins. The 110 KD band was labeled with MAA and DSA. whereas the 62 KD band was labeled with SNA only. DSA recognizes galactose-~(1-4)-N-acetylglucosamine and N-acetylglucosamine residues linked to serine or threonine, SNA sialic acid-linked a(2-6) to galactose, and MAA sialic acid-linked a(2-3) to galactose. The 110 KD and 62 KD antigens probably show two different classes of sialic acid-containing molecules. In fact, both neuraminidase digestion and prior absorption of the monoclonal antibody with N-acetylneuraminic acid com-pletely prevented the immunostaining of the adrenocortical cells. In addition, the digestion of adrenal gland extracts with neuraminidase eliminated subsequent labeling ofthe 62 KD and 110 KD bands with the MAb. It has been confirmed in various tissues that the technique using the digoxigenin-conjugated lectins in conjunction with anti-digoxigenin antiserum is also available for the reliable detection of glycoconjugates in paraffin-embedded tissue sections (Kameda, 1992; Sata et al., 1990) . The reaction pattern of SNA in the guinea pig adrenal glands was similar to that of MAb AMG SNA bound to the surface membrane of adrenocortical cells in all zones and perinuclear regions of the zona fasciculata interna cells.
The reaction patterns of DSA and MAA were different from those of the monoclonal antibody. The epitope containing sialic acidlinked a(2-6) to galactose appears to be important as an antigenic determinant for MAb AMG. The 62 KD glycoprotein may be the principal antigen recognized by MAb AMG. The relationship between the 62 KD glycoprotein and the 110 KD glycoprotein remains to be elucidated. The 62 KD and 110 KD antigens were not associated by extensive intrachain disulfide bonds, since their electrophoretic mobilities were identical in both reducing and non-reducing conditions. This was confirmed by immunoblot analysis and staining with lectin-digoxigenin conjugates.
It has been reported that several monoclonal antibodies against different proteins react with adrenal glands: those against P-glycoprotein, a cell-surface protein encoded by a multidrug-resistance gene (Thiebaut et al., 1987) ; those against an MW 50,000 cell-surface protein from human hepatocellular carcinoma cell line (Ozturk et al., 1989) ; and those against an MW 59,000 human liver membrane protein (Schroder et al., 1990) . The staining patterns of these monoclonal antibodies reported are different from the labeling of the present AMG monoclonal antibody. Immunoreactivity for a 59 KD liver membrane protein has been recognized in nuclei of adrenocortical cells (Schroder et al., 1990) and that for a 50 KD cell surface protein has been recognized in the cytoplasm of adrenal medullary cells and of zona glomerulosa cells (Ozturk et al., 1989) . P-glycoprotein immunoreactivity has been located on the surface of cells in both the cortex and the medulla (Thiebaut et al., 1987) . P-glycoprotein has a molecular weight of 170,000 and is distinct from the present 62 KD and 110 KD glycoproteins. A polyclonal antibody to pregnenolone binding protein (PBP) with an MW of 34 KD and that to fibroblast growth factor (FGF) have been reported to react with the adrenocortical cells (Whitnall et al., 1990; Grothe and Unsicker, 1989) . The PBP antiserum labels the cytoplasm of the zona fasciculata and zona reticularis cells and the FGF antiserum labels cells in the glomerulosa and outer fasciculata zones of the cortex and chromaffin cells of the medulla. Therefore, none of the antigens described by previous authors have been directly correlated with the present 62 KD and 110 KD glycoproteins in terms of several properties, including MW, cytological location, and the spectrum of tissue and cell distribution.
